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The coherence between different aspects in the environmental system leads to a demand for comprehen-
sive models of this system to explore the effects of different management alternatives. Fuzzy logic has
been suggested as a means to extend the application domain of environmental modelling from physical
relations to expert knowledge. In such applications the expert describes the system in terms of fuzzy
variables and inference rules. The result of the fuzzy reasoning process is a numerical output value. In
such a model, as in any other, the model context, structure, technical aspects, parameters and inputs may

ll-‘fijl;‘évrirlf;:owledge contribute uncertainties to the model output. Analysis of these contributions in a simplified model for
Fuzzy logic agriculture suitability shows how important information about the accuracy of the expert knowledge in

relation to the other uncertainties can be provided. A method for the extensive assessment of uncertain-
ties in compositional fuzzy rule-based models is proposed, combining the evaluation of model structure,
input and parameter uncertainties. In an example model, each of these three appear to have the potential

Uncertainty analysis

to dominate aggregated uncertainty, supporting the relevance of an ample uncertainty approach.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In densely populated delta areas, water management requires
balancing of many different interests and user functions. Because of
the many different actors, and interaction with the physical envi-
ronment, governed by many different physical processes, and the
need for knowledge from many different areas, the decision mak-
ing process becomes very complex. To support the decision and
policy making process, different tools are utilized. Among these are
software tools, where collected data and analytical models serve,
for instance, to explore different policy options, analyse real time
events, or predict future states of the system configuration. The fact
that not all desired information can be described in physical terms
may restrict the application of such models. Sometimes experts
may be able to provide valuable additional information. In such
cases the application of fuzzy rule-based models can be an option
(Adriaenssens et al., 2004; Ascough et al., 2008). As in any other
environmental modelling approach, it is important to address the
uncertainty in the model’s output. This uncertainty assessment is
the result of the conceptualization of expert knowledge in a fuzzy
rule-based model. We develop a method to assess the different
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uncertainties which may play a role in this knowledge concep-
tualization. A simple hypothetical model is used to illustrate the
method.

Uncertainty can be defined as ‘. . . any departure of the unachiev-
able ideal of complete determinism’ and perceived to be of either
an epistemic or a stochastic nature, i.e. either due to a lack of knowl-
edge or due to natural variability in the system (Walker et al., 2003).
Lately the notion of ambiguity as a third aspect of uncertainty arose
(Brugnach et al., 2007). Ambiguity can be defined as ‘.. .the simul-
taneous presence of multiple equally valid frames of knowledge’
(Dewulf et al., 2005). Uncertainty originating from any of these
three natures plays a role in river management. This implies an
important challenge for modelling for support of strategic river
management, namely to adequately address these uncertainties in
model outcomes (Clark, 2002; Jakeman and Letcher, 2003; Klauer
and Brown, 2004).

Much literature exists describing uncertainty analysis frame-
works (for an overview, see e.g. Refsgaard et al., 2007). In general,
it is acknowledged that models are simplifications of reality. The
process of abstraction of this reality into a software implementa-
tion means that elements from reality are omitted, or represented
by approximations (see Fig. 1 for a typical example of a rep-
resentation of the modelling cycle in literature). The process of
ongoing abstraction leads to uncertainties in models, additional
to those introduced through inputs and parameters. Walker et
al. (2003) provide a framework for the description of the uncer-
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Fig. 1. The modelling cycle for knowledge production and it’s steps: delineation of
the part of the natural system to be studied, construction of a conceptual model,
algorithmic (mathematical) implementation of the conceptual model, implementa-
tion of the algorithm in software, calibration of the model parameters, validation of
the model results (Kolkman et al., 2005), adapted from Dee (1995).

tainties in models, recognizing the steps of the modelling cycle in
Fig. 1.

At the same time, the uncertainty issue has been addressed
by several authors from fuzzy set theoretic backgrounds (e.g. Klir
and Yuan, 1995; Zimmermann, 2000; Zadeh, 2005). From this per-
spective, uncertainty is the result of some information deficiency.
Information may be incomplete, imprecise, contradictory, not fully
reliable or vague (Klir and Yuan, 1995). Depending on the type of
uncertainty we deal with, different uncertainty theories can be
applied and different techniques need to be used. Guyonnet et
al. (2003) for instance remark that representing imprecision or
incompleteness by a probability distribution suggests that infor-
mation - about the distribution - is known, while this is often
actually not the case. This may lead to non-conservative uncertainty
estimates.

Application of fuzzy set theory is a suitable approach in
those cases in which uncertainty is due to incompleteness or
imprecision. Its application in environmental modelling became
widespread over the past decades, see e.g., Salski (1992), Dorsey
and Coovert (2003), Adriaenssens et al. (2004), Prato (2005), Van
Broekhoven et al. (2006), and Rocchini and Ricotta (2007). Also,
uncertainty in fuzzy models is addressed explicitly. Baudrit et
al. (2006), for instance, combine stochastic behavior (represented
by a probability distribution) and measurement error (without
known uncertainty distribution, appropriately described as a fuzzy
set). Applications of combined fuzzy and probabilistic uncertainty
are found in a.o. Guyonnet et al. (2003), Hall et al. (2007), and
Ferraro (2009). Guyonnet et al. (2003) combine Monte Carlo anal-
ysis with fuzzy interval analysis and label the result as ‘random
fuzzy set’. These applications however focus on the propagation
or aggregation of uncertainty in individual fuzzy sets, rather than
on application to compositional fuzzy rule base models and the
role of uncertainty and its propagation in the different model
components. Adriaenssens et al. (2004) touch upon the issue
of uncertainty in fuzzy rule-based models, but a comprehensive
analysis complying with the perceptions of the environmental
modelling community so far fails to materialize. Ascough et al.
(2008) specifically state the ample conveyance of uncertainties
and its communication as major challenges to research on fuzzy
sets.

The objective of this paper is to show how the uncertainty
related to using expert knowledge in compositional fuzzy rule-
based models can be assessed. We propose and demonstrate a

method for the assessment of uncertainties in such models. The
outcomes of the uncertainty assessment give an indication of the
usefulness of model results, and of the distinctive power of the
knowledge in the model.

Linking the uncertainty to the modeler and the fuzzy perspec-
tive, we observe that the distinction between epistemic uncertainty
(which may include imprecision) and (natural) variability occurs in
both. According to Klir and Yuan (1995) fuzzy sets may express two
types of uncertainty, namely non-specificity (relating to the size of
different alternative sets, and fuzziness (or vagueness, relating to
the imprecise boundaries of the fuzzy sets). These interpretations
will prove helpful in a later stage of this paper.

2. Methods

For the analysis of uncertainties, the specific characteristic of
uncertainties that go along with representing knowledge in fuzzy
expert systems are used to interpret classify them using the frame-
work provided by Walker et al. (2003). We apply this to a simple
hypothetical model and illustrate the uncertainty propagation
through the model.

2.1. Fuzzy expert systems

The impact of different uncertainties on the outcome uncer-
tainty is demonstrated by means of a simple, hypothetical expert
system. It is composed of the minimally required components; a
knowledge base, an inference engine and a data base. The knowl-
edge base describes the inference rules, derived from experts. The
inference engine links these rules to the data from the data base
(storing data for each specific task of the expert system), thus result-
ing in an outcome value.

The rules in the fuzzy knowledge base are generally of the shape
‘IF x, THEN y’, with x and y fuzzy sets. Fuzzy sets are represented by
membership functions, describing on the variable domain what the
possibility (with values between 0 and 1) is that a variable X may
take a certain value x. The term possibility refers to the lack of sur-
prise (Shackle, 1961); the more possible a value, the less surprising
itis.

We here use trapezoid membership functions. Besides trape-
zoids, also triangles, Gaussian and other membership functions can
be used, depending on the data or problem at hand (Klir and Yuan,
1995). Input values will be partial member to one or more sets
defined on the interval. Depending on the set membership, differ-
ent rules will apply. Implication and aggregation operators and the
defuzzification method next determine the outcome value; see e.g.
Van Broekhoven and De Baets (2006).

In the current application we use the fuzzy AND (‘min’) operator
forimplication, the fuzzy OR (‘max’) operator for aggregation, in the
Mamdani-Assilian inference (Mamdani and Assilian, 1975) with a
center of area (COA) defuzzification. An example of the construction
of a defuzzified output value for a hypothetical model employing
these operators and methods is depicted in Fig. 2. The example
shows how for a single combination of two inputs a compositional
fuzzy output surface emerges. The first input is partial member of
two sets, leading to the application of two rules. The AND operator
dictates truncation of the output set equal to the smallest (i.e. min-
imal) membership value of the two inputs. In this case this means
that membership to the output set is for both rules determined
by the input on ‘wet days’, the first input variable. The two partial
output sets are aggregated using the OR operator, implying that
the maximum set membership determines the local membership
value in the compositional output surface. By calculating the center
of area, the defuzzified value is calculated and a numerical output
value of the fuzzy reasoning process is obtained.
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Fig. 2. Illustration of the fuzzy inference process. The top line depicts the two inputs
and a single output; the second and third line show how two input values are partial
members of two sets for ‘wet days’ and a single set for ‘dry days’. This leads two
rules to be fired. The implication operator determines the partial membership to
the output. These are aggregated into an output surface. The center of area is used
to determine the defuzzified output value.

2.2. Uncertainty classification and analysis framework

The basis for the framework for uncertainty analysis is provided
in the paper by Walker et al. (2003). It is a very suitable framework
because it focuses on uncertainty in model-based decision sup-
port. Three different dimensions of uncertainty are distinguished
(Walker et al., 2003):

e Nature: whether the uncertainty is due to imperfection of our
knowledge (epistemic), or due to the inherent variability of the
phenomena being described.

e Level: where the uncertainty manifests itself along the (con-
tinuous) spectrum between deterministic knowledge and total
ignorance.

e Location: where the uncertainty manifests itself in the compo-
nents of a model complex: in the context, in the model itself
(‘model technical’ or ‘model structure’ uncertainties), in the input,
in parameters or in the output.

Some remarks need to be made:

e With regard to the ‘nature’ of uncertainty, ambiguity should also
be acknowledged, in accordance with the definition given earlier.

e With regard to the ‘level’ of uncertainty, Walker et al. (2003) use
the markers ‘statistical’, ‘scenario’ and ‘recognized ignorance’. We
add to that the notion of a qualitative level of uncertainty. This
refers to uncertainties which cannot be quantified, but can be
described. It is placed between scenario and recognized igno-
rance.

e With regard to the ‘location’ of uncertainty, the marker ‘output’
denotes the consequence from propagation and aggregation of
uncertainties in other locations, rather than a conceptually spe-
cific location in itself. Output is therefore discussed as the result
of the propagation and aggregation of other uncertainties only.

The resulting analysis framework is depicted in Fig. 3. The loca-
tion of uncertainty is used as the starting point of the analysis.

2.3. Uncertainty analysis methods

In our analysis of uncertainties, we first describe the impact of
separate uncertainties on the model output, and then the aggre-
gated impacts of the combined uncertainties. In this way, the
analysis takes the form of a scenario analysis, organized after the
location of the uncertainty in the model. The classical approach of
sensitivity analysis of models relates to some one of the uncertain-
ties accounted for. The following methods apply to the different
uncertainties:

Context uncertainty: The uncertainty in the model context con-
cerns choices made in the step from natural system to conceptual
model. Answers to questions such as ‘where do we put the model
boundary’ and ‘which input and output variables do we choose’
can be uncertain if there are equally valid alternatives. The uncer-
tainty may be of an epistemic or ambiguous nature. Assumptions
or scenario’s are usually used to address these uncertainties.

Model structure uncertainty can be described as ‘. .. arising from
a lack of sufficient understanding of the system that is the sub-
ject of the policy analysis, including the behavior of the system and
the interrelationships among its elements’ (Walker et al., 2003).
It is one of the most difficult uncertainties to address in envi-
ronmental modelling (Van Asselt and Rotmans, 2002). We here
distinguish between two aspects of this uncertainty: the imprecise-
ness of knowledge related to the structure of the data on systems’
elements, and the uncertainty in the knowledge on interrelations
between elements of the system.

According to the non-specificity as defined by Klir and Yuan
(1995), the width of the membership function indicates a lack of
knowledge. This is here interpreted as the experts’ inability to con-
nect the different qualitative output states that are distinguished,
to precise output values. This interpretation relates to the character
of the present application, where fuzzy modelling is applied to rep-
resent a modest amount of qualitative information. Following this
interpretation, we argue that the size and shape of the output graph,
corresponding to a certain combination of input values, reflect an
uncertainty in the model structure. The level of this uncertainty is

Dimensions of uncertainty

A 4
Level Location
Nature
\ 4 v v v v v v v v
Statistical Scenario | Qualitative | Ignorance Epistemic Variability ‘ ‘ Ambiguity Context Model structure Model technical Input Parameter

Fig. 3. Dimensions of uncertainty and markers for each dimension, adapted from Walker et al. (2003).
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Fig.4. Model structure uncertainty; defuzzified value and bandwidth based on COA
right minus COA left.

‘qualitative’. We represent it by the difference § between the cen-
ters of area (COA) of the subsets left and right of the original center
of area as shown in Fig. 4. This provides a measure of the uncer-
tainty reflected by the width and overlap of membership functions
(MFs), following an interpretation that is consistent with using the
COA for defuzzification (Janssen et al., 2006). When combined with
other uncertainties, the result is comparable to the random fuzzy
set (Guyonnet et al., 2003), with this difference that the uncertainty
is here directly measured in the fuzzy output graph.

Next, the choice of implication and aggregation operator is
considered to contribute to model structure uncertainty. The devi-
ation between outputs obtained with different operators is a
measure for this uncertainty, as long as the operators are consid-
ered equally valid. The level of this model technical uncertainty
is ‘scenario’. For the inference procedure there is no equally valid
alternative, since Mamdani-Assilian is most suitable for rule-based
models based on expert knowledge elicitation (Adriaenssens et al.,
2004).

Model technical uncertainty concerns ‘... aspects related to the
computer implementation of the model’ (Walker et al., 2003). The
model technical uncertainty comprises both software and hard-
ware problems or errors. Analysis of model technical uncertainty
would require multiple simultaneous model implementations. This
goes beyond the scope of the current study.

Input uncertainty is both uncertainty about ‘... driving external
forces that produce changes within the system’ and uncertainty

Table 1

Parameterization of fuzzy sets for input and output variables. For each set, name,
fuzzy set parameters and range of variation for sensitivity analysis are given. Param-
eter set [abcd] denotes a trapezoidal fuzzy set with base [ad] and top [bc].

# of dry days # of wet days Agric. suitability
Low Very low Very bad
[-103060] [-1024] [-1004555]
+10 +1 +5
High Low Bad
[306070100] [24610] [45556070]
+5 +1 +5
Very high High Average
[70100365366]+10 [6101520] [60707585]
+2 +5
Very high Good
[152065366] [758590100]
+2 +5
Very good
[90100101110]
+5

Table 2
Input combinations for the 10 cases in the execution of the uncertainty analysis.
Case # wet days # dry days
1 1 5
2 3 10
3 8 15
4 17 20
5 40 25
6 40 40
7 17 65
8 13 75
9 1 85
10 1 54

about ‘... the system data that ‘drive’ the model and typically quan-
tify relevant features of the reference system and its behavior’. This
uncertainty is considered to be of a stochastic nature, i.e. due to
variability in the system (with level marked as ‘statistical’ in the
framework), and was assessed using a Monte Carlo analysis. We run
a Monte Carlo analysis on the input, for which we assume a random
normal distribution with a standard deviation equaling 20% of the
reference value. As an effect size and shape of the output member-
ship functions will vary, and consequently a distribution of COA’s
left and right of the original will emerge (see also Janssen et al.,
2007).

Parameter uncertainty is uncertainty related to the a priori cho-
sen parameters, described by Walker et al. (2003)as ‘. . . parameters
that may be difficult to identify by calibration and are chosen to
be fixed at a certain value that is considered correct. The value of
such parameters is associated with uncertainty that must be esti-
mated on the basis of a priori experience’. Parameters determining
the shape and size of the membership functions correspond to this
location of uncertainty. We acknowledge that if the experts are not
so certain about the parameterization of the sets, or if ambiguity
exists, a probability distribution of this uncertainty is unlikely to
be available. Both are, besides, very likely to occur (Adriaenssens et
al., 2004). We therefore assume this uncertainty to be of ‘ambigu-

365

# of wet days

365

# of dry days

100 0
agricultural suitability [%]

Fig. 5. Fuzzy input combinations and resulting output (shaded). The marks indicate
the input combinations. They correspond to Table 2 in clockwise direction, starting
in the lower left corner.
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Fig. 6. (a-f) Outcomes of the uncertainty propagation. Boxes denote 25-75 percentile values with median inside, or COA left to COA right with COA inside; whiskers denote
complete ranges observed. (a) Model structure uncertainty from impreciseness as § range for model output as fuzzy sets and complete range. (b) Model structure uncertainty
from operator choice: defuzzified model output for 3 operator options. (c) Input uncertainty as 25-75 percentile boxes and outlier whiskers of defuzzified model output.
(d) Parameter uncertainty as 25-75 percentile boxes and outlier whiskers of defuzzified model output. (e) Aggregated uncertainty as 25-75 percentile boxes and outlier
whiskers of the left and right COA of the Monte Carlo model output as fuzzy set. (f) Aggregated uncertainty as 25-75 percentile boxes and outlier whiskers of the Monte

Carlo defuzzified model output.

ous’ nature and ‘scenario’ level, and we run a sensitivity analysis on
the parameters. The ranges for the parameters are given in Table 1;
in the analysis, resulting parameter combinations were constrained
to remain yielding valid membership functions.

Aggregated uncertainty results from all uncertainties above. We
assessed it, based on a simultaneous variation of all randomly var-
ied values (parameters and inputs) in two ways. The resulting
uncertainty in the range § was evaluated, and compared to the plain
model structure uncertainty, next to the resulting uncertainty in
the defuzzified COA.

For individual as well as aggregated uncertainties, the above
analysis methods yield a quantitative assessment of the conse-
quence for the outcome of the model. Together, it extends common
uncertainty analyses and sensitivity analyses, in that it not just
involves uncertainties due to uncertain model inputs and parame-
ters.

In the execution of the analysis, using the model in Section 2.3,
10 different input combinations were analysed to illustrate differ-
ent possible cases (Table 2; Fig. 5). The combinations were chosen
to cover a wide range of locations in the different input sets and
their overlaps.

Table 3
Fuzzy rule base for the agricultural suitability of a location, depending on the local
number of wet and dry days.

# of wet days # of dry days

Low High Very high
Very low Very good Good Average
Low Good Average Bad
High Average Bad Very bad
Very high Bad Very bad Very bad
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2.4. Model description

The conceptual model used in this paper model is essentially a
hypothetical simplification of the procedure to assess agriculture
suitability in river floodplains, as described by Klijn and De Vries
(1997) based on the Dutch HELP procedure (Koerselman, 1987;
Werkgroep Cultuurtechnisch Vademecum, 1988). The HELP pro-
cedure links soil type and ground water levels to excess water or
water shortage. The decrease in agriculture suitability due to both
is next expressed as a percentage of the theoretical maximum yield.

Klijn and De Vries (1997) apply this method specifically to flood-
plains. They assume:

(1) a single soil type in the floodplains;
(2) alowland river;
(3) adirect relation between river stage and ground water levels.

Based on these sources we assume that in simple form, the agri-
culture suitability depends on the number of dry and the number
of wet days in this specific area during a long year average year.

When we assume that the rules and sets (Tables 1 and 3) are
based on expert opinion, as is likely to be the case in such appli-
cations, there is no known distribution of uncertainty around the
parameters.

The inputs are supposed to be derived from measured data. The
uncertainty in the inputs can, due to the known data distributions,
be described in terms of probability distributions.

3. Results

For all uncertainties analysed, the resulting uncertain outputs
for the 10 input combinations are depicted as box plots, showing
the median, the upper, and the lower quartile in the box. Whiskers
indicate the extent of the entire output range.

Model structure uncertainty was assessed for two aspects. Model
structure uncertainty from impreciseness of knowledge is depicted
as the range 6 for the model output in Fig. 6a, showing a strong
variation between cases. In particular cases 5 and 6 show large
uncertainty; this is mainly due to the large non-specificity of the
input set ‘Very high’ for the number of wet days. For all cases, the
range § covers over 75% of the uncertainty range. Secondly, the
model structure uncertainty from ambiguity in operators choice
is depicted in Fig. 6b. The scenario analysis with different opera-
tors shows that the uncertainty in the output is small compared
to the first model structure uncertainty, but with a similar case-
dependency, Again, cases 5 and 6 show the largest uncertainty,
Input uncertainty results depicted in Fig. 6¢c show, the stochasti-
cally determined 25-75 percentile boxes and complete ranges of
the model outcomes. In the first case random generated inputs
may fall outside the variable’s fuzzy range, causing a large num-
ber of samples to result in the same output value. Cases 2-6 show
a significant uncertainty, of which the 25-75 percentile range cov-
ers only a modest share; moreover, the uncertainty range may be
asymmetric. In cases 7-10 the outcomes show complete insensi-
tivity to uncertainty in input, indicating that regardless of small
variations in the inputs, the values are still mapped to the same out-
put surface, distant from where model output gradients are found.
In general, observed uncertainties are partly larger, partly smaller
than the model structure uncertainty.

Parameter uncertainty results are shown in Fig. 6d, depicting the
sensitivity to the variations in the model parameters. The uncer-
tainties are found to vary with a factor of about 2 between cases. The
25-75 percentile range covers a modest share of this uncertainty.
Again, uncertainties are smaller for cases located where model out-
put gradients are low. The magnitudes of the total ranges of this

uncertainty per case are very similar to the (first aspect of) model
structure uncertainty.

Aggregated uncertainty is given in two ways. The whisker plots
for distribution of the upper and lower margins of the range §
for the Monte Carlo simulations is shown in Fig. 6e, illustrating
that for some cases, the model structure uncertainty is sensitive
to input and parameters. This already could be expected from the
comparison of cases is Fig. 6a. The spread in defuzzified COAs in
Fig. 6f combines features of all of the earlier figures. The complete
uncertainty range for the COAs seem to follow the largest individ-
ual uncertainty of the first model structure uncertainty (cases 5
and 6), input uncertainty (case 2) or a combination of model struc-
ture, input and parameter uncertainty (cases 1, 3, 4, 7-10). The
25-75 percentile range for the COAs however does not cover the
range of uncertainty for cases with large model structure uncer-
tainty.

4. Conclusions and discussions

Description of the uncertainties in model outcomes is consid-
ered of paramount importance for the accurate interpretation of
these outcomes. This strongly applies to modelled expert knowl-
edge, since it is generally difficult to estimate the uncertainty
herein. The method provided in this paper extends the uncertainty
framework by Walker et al. (2003) in order to add information on
the value of expert knowledge in practical case studies.

Application of this uncertainty framework to a fuzzy rule-based
model shows how the uncertainties can be described, where in the
model they are located, which considerations to take into account
when performing quantitative uncertainty analysis, and how the
uncertainties interact with each other. Whereas others have shown
that the application of fuzzy sets allows incorporation of non-
probabilistic uncertainties, the current application shows how the
behavior of fuzzy rule-based models under different uncertainties
can be evaluated.

The method, using the § range to represent the main extent of
the fuzzy output, is relatively insensitive to the type of membership
function. Also, in the relatively coarse model that was used in this
study, outcomes are not very sensitive to the application of different
operators. The differences in outcomes between the 10 cases eval-
uated are largely caused by differences in the non-specificity of the
input and output sets relevant to each case, and to the position of
the cases in relation to the fuzziness of sets. Non-specificity in par-
ticular is a strong factor in model structure uncertainty. Input and
parameter uncertainty depend strongly on the inputs for a partic-
ular location in relation to the parameters of the model, indicating
where large gradients in the output are found.

The findings presented here stress the relevance of an extensive
uncertainty analysis on fuzzy rule-based models in general, includ-
ing model structure uncertainty, and makes the challenges for fuzzy
set methodology in Ascough et al. (2008) more concrete. The chal-
lenge is of particular relevance because in this type of applications,
people may find it difficult to interpret a single defuzzified outcome
value in the light of the underlying sets and rule bases. Aspects of
the fuzzy characteristics of output like the § range may be useful to
communicate a measure for the uncertainty covered in the fuzzy
output set, next to the degree of membership to the fuzzy output
set (Van Broekhoven et al., 2006).

In applications where fuzzy set modelling intends to (after
defuzzification) make a simplified representation of an extensive
knowledge base (for instance embedded in a model), parameters
may be chosen in the modelling process to try and minimize errors
in approximation of outputs and output gradients for relevant
inputs. In such applications, uncertainty would relate to the uncer-
tainties in the underlying model, combined with approximation
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errors introduced by the defuzzified fuzzy model representation,
rather than by, e.g. the range § for fuzzy output sets. In such appli-
cations, construction of the approximating fuzzy model involves,
e.g. model structure elements and parameters to be jointly varied
to minimize approximation errors. In that way, uncertainty loca-
tions do become interdependent in ways that are not encountered
in the present case.

Challenges of fuzzy logic methods in such cases also include
fuzzy technical aspects, where fast and accurate defuzzification
(Van Broekhoven and De Baets, 2006) may support to make the
proposed extensive uncertainty assessment feasible in large fuzzy
models.

Larger non-specificity and fuzziness in outcome sets represent
larger knowledge uncertainty. The relative contribution of different
uncertainties to the total outcome uncertainty may provide a useful
lead for uncertainty reduction.

Acknowledgements

This work has been funded by the Cornelis Lely Stichting, project
nr. 05.006. Special thanks to Prof. B. De Baets and H. Vernieuwe,
PhD, for their valuable advice on current approaches to fuzzy uncer-
tainty.

References

Adriaenssens, V., De Baets, B., Goethals, P.L.M., De Pauw, N., 2004. Fuzzy rule-based
models for decision support in ecosystem management. Sci. Tot. Environ. 319,
1-12.

Ascough, J.C., Maier, H.R., Ravalico, J.K,, Strudley, M.W., 2008. Future research
challenges for incorporation of uncertainty in environmental and ecological
decision-making. Ecol. Model. 219 (3-4), 383-399.

Baudrit, C., Dubois, D., Guyonnet, D., 2006. Joint propagation and exploitation of
probabilistic and possibilistic information in risk assessment. IEEE Trans. Fuzzy
Syst. 14, 593-608.

Brugnach, M., Dewulf, A., Pahl-Wostl, C., Tallieu, T., 2007. Towards a relational con-
cept of uncertainty: incorporating the human dimension. In: CAIWA Conference,
Basel.

Clark, M.J., 2002. Dealing with uncertainty: adaptive approaches to sustainable river
management. Aquat. Conserv.: Mar. Freshwater Ecosyst. 12, 347-363.

Dee, D.P., 1995. A pragmatic approach to model validation. In: Quantitative Skill
Assessment for Coastal Ocean Models. American Geophysical Union, Washing-
ton DC, U.S.A.

Dewaulf, A., Craps, M., Bouwen, R,, Taillieu, T., Pahl-Wostl, C., 2005. Integrated man-
agement of natural resources: dealing with ambiguous issues, multiple actors
and diverging frames. Water Sci. Technol. 52, 115-124.

Dorsey, D.W., Coovert, M.C., 2003. Mathematical modeling of decision making: a soft
and fuzzy approach to capturing hard decisions. Hum. Factors 45, 117-135.
Ferraro, D.O., 2009. Fuzzy knowledge-based model for soil condition assessment in

Argentinean cropping systems. Environ. Model. Softw. 24, 359-370.

Guyonnet, D., Bourgine, B., Dubois, D., Fargier, H., Céme, B., Chilés, J.-P., 2003. Hybrid
approach for addressing uncertainty in risk assessments. J. Environ. Eng. 129 (1),
68-78.

Hall, ], Fu, G., Lewry, J., 2007. Imprecise probabilities of climate change: aggregation
of fuzzy scenarios and model uncertainties. Clim. Change 81, 265-281.

Jakeman, AJ]., Letcher, R.A., 2003. Integrated assessment and modeling: features,
principles and examples for catchment management. Environ. Model. Softw.
59,491-501.

Janssen, J.A.E.B., De Kok, ]J.-L., Hoekstra, A.Y., Schielen, R.M.J., 2006. Incorporating
qualitative indicators to support river managers; application of fuzzy sets. In:
Voinov, A, Jakeman, A., Rizzoli, A. (Eds.), Proceedings of the iEMSs Third Biennial
Meeting: “Summit on Environmental Modelling and Software”. Burlington, USA,
July 9-13, 2006.

Janssen, J.A.E.B., De Kok, J.-L., Hoekstra, A.Y., Schielen, R.M.J., 2007. Use of fuzzy
set modelling in assessment of river management measures: dealing with
qualitative knowledge and uncertainties. In: Swayne, D., Hrebicek, ]. (Eds.), Envi-
ronmental Software Systems, vol. 7, Dimensions in Environmental Informatics,
Proceedings of the 6th International Symposium on Environmental Software
Systems. Prague, Czech Republic, May 22-25, 2007.

Klauer, B., Brown, ].D., 2004. Conceptualising imperfect knowledge in public decision
making: ignorance, uncertainty, error, and risk situations. Environ. Res. Eng.
Manage. 27, 124-128.

Klijn F., De Vries, F., 1997. Uiterwaardverlaging - gevolgen voor landbouw en natu-
urontwikkeling. RvR-rapport 98.01 WL Deflt Hydraulics/SC DLO/RWS DON, The
Netherlands.

Klir, G.J., Yuan, B., 1995. Fuzzy Sets and Fuzzy Logic: Theory and Application. Prentice
Hall, Englewood Cliffs, NJ, USA, 268 pp.

Koerselman, G.J., 1987. De invloed van de waterhuishouding op de land-
bouwkundige productie. Rapport van de werkgroep HELP-tabel, mededelingen
landinrichtingsdienst. Research report, Utrecht, The Netherlands (in Dutch).

Kolkman, M.J., Kok, M., Van der Veen, A., 2005. Mental model mapping as a new
tool to analyse the use of information in decision-making in integrated water
management. Phys. Chem. Earth 30, 317-332.

Mamdani, E.H., Assilian, S., 1975. An experiment in linguistic synthesis with a fuzzy
logic controller. Int. J. Man Mach. Stud. 7, 1-13.

Prato, T.A., 2005. A fuzzy logic approach for evaluating ecosystem sustainability.
Ecol. Model. 187 (2-3), 361-368.

Refsgaard, J.C., Van der Sluijs, J.P., Hojberg, A.L.,, Vanrolleghem, P.A., 2007. Uncer-
tainty in the environmental modeling process—a framework and guidance.
Environ. Model. Softw. 22, 1543-1556.

Rocchini, D., Ricotta, C., 2007. Are landscapes as crisp as we may think? Ecol. Model.
204 (3-4), 535-539.

Salski, A., 1992. Fuzzy knowledge-based models in ecological research. Ecol. Model.
63,103-112.

Shackle, G.J.M., 1961. Decision, Order and Time in Human Affairs. Cambridge Uni-
versity Press, New York and Cambridge, USA/UK, 302 pp.

Van Asselt, M.B.A,, Rotmans, ]J.,, 2002. Uncertainty in integrated assessment
modeling—from positivism to pluralism. Clim. Change 54, 75-105.

Van Broekhoven, E., De Baets, B., 2006. Fast and accurate center of gravity defuzzi-
fication of fuzzy system outputs defined on trapezoidal fuzzy partitions. Fuzzy
Sets Syst. 157 (7), 904-918.

Van Broekhoven, E., Adriaenssens, V., De Baets, B., Verdonschot, P.F.M., 2006. Fuzzy
rule-based macroinvertebrate habitat suitability models for running waters.
Ecol. Model. 198, 71-84.

Walker, W.E., Harremoés, P., Rotmans, J., Van der Sluis, J.P., Van Asselt, M.B.A.,
Janssen, P., Krayer von Krauss, M.P., 2003. Defining uncertainty—a conceptual
basis for uncertainty management in model-based decision support. Integr.
Assess. 4, 5-17.

Werkgroep Herziening Cultuurtechnisch Vademecum, 1988. Cultuurtechnisch
Vademecum. Cultuurtechnische Vereniging, Utrecht, the Netherlands.

Zadeh, L.A., 2005. Towards a generalized theory of uncertainty (GTU)—an outline.
Inform. Sci. 72, 1-40.

Zimmermann, H.-J., 2000. An application-oriented view of modeling uncertainty.
Eur. ]. Oper. Res. 122, 190-198.



	Assessment of uncertainties in expert knowledge, illustrated in fuzzy rule-based models
	Introduction
	Methods
	Fuzzy expert systems
	Uncertainty classification and analysis framework
	Uncertainty analysis methods
	Model description

	Results
	Conclusions and discussions
	Acknowledgements
	References


